Objectives: Hyperglycemia during critical illness is common and is associated with increased mortality. Intensive insulin therapy has improved outcomes in some, but not all, intervention trials. It is unclear whether the benefits of treatment differ among specific patient populations. The purpose of the study was to determine the association between hyperglycemia and riskadjusted mortality in critically ill patients and in separate groups stratified by admission diagnosis. A secondary purpose was to determine whether mortality risk from hyperglycemia varies with intensive care unit type, length of stay, or diagnosed diabetes.
H yperglycemia is common during critical illness and occurs in individuals with and without a previous history of diabetes. Observational studies demonstrating that elevated blood glucose is associated with morbidity and mortality in hospitalized patients (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) are supported by the finding that correction of hyperglycemia can improve outcomes (14 -20) . In the most widely recognized of these intervention studies, mechanically ventilated patients admitted to a surgical intensive care unit (ICU) experienced significantly reduced morbidity and mortality when blood glucose levels were normalized with intensive insulin therapy (14) . Subsequent trials have largely been unable to demonstrate similar success (15, (21) (22) (23) (24) (25) (26) (27) (28) , although many have faced difficulties in achieving statistical power and establishing significant differences in glucose levels between control and treated subjects, and some stud-ies have been stopped early because of excessive hypoglycemia.
An important issue in considering the conflicting findings from prospective trials of inpatient hyperglycemia treatment (14, 15, 20 -23, 27, 28) is whether the benefits of intensive insulin therapy are observed in all patients. It is not known whether hyperglycemia contributes equally to mortality in all critically ill patients or whether specific individuals or groups are disproportionately affected. One possibility is that the deleterious effects of hyperglycemia are greater in certain primary medical conditions, and some of the discrepancies among intervention trials are due to the differences in the case-mix of the various ICUs examined. No study has directly compared the risk from hyperglycemia among the many diagnoses responsible for admission to the ICU. However, addressing this question could provide valuable insights into the interpretation of past studies as well as direct the design of future trials. To test this hypothesis, we examined the association between hyperglycemia and mortality in 259,040 critically ill patients with a broad range of medical and surgical conditions.
METHODS
This retrospective cohort study was based on data from patients admitted to 173 medical, cardiac, surgical, and mixed (medical, cardiac, surgical) ICUs in 113 Veterans Health Administration hospitals. The study was approved by the University of Cincinnati Institutional Review Board and the Cincinnati Veterans Affairs (VA) Research and Development Committee.
Case Selection. The 259,040 cases included in the analysis were selected from a total cohort of 425,853 consecutive first admissions to VA ICUs during a 3-yr period from October 2002 through September 2005. We excluded from the analysis cases from hospitals lacking computerized records of arterial blood gas data (n ϭ 37,535) and those patients who did not have at least two serum glucose measures during their ICU stay (n ϭ 126, 220). Patients whose mean glucose throughout their ICU stay was Ͻ70 mg/dL (n ϭ 3,058) were also excluded based on the study's focus on hyperglycemia and the assumption that the pathophysiology of hypoglycemia-related mortality is entirely different. Data on hypoglycemia and mortality will be reported separately.
Data Collection. This study used deidentified data collected for the VA Inpatient Evaluation Center (IPEC), a national VA program that measures and reports risk-adjusted outcomes in VA ICUs and implements evidenced-based practices to improve patient safety and quality. A customized program identifies patients with ICU stays at each VA and then extracts data from the patient file, the patient treatment file, and the laboratory file at each VA hospital. Extracted data include demographic information, diagnostic coding from the index and prior hospitalizations, laboratory data from the ICU, age, source of admission to the ICU, and outcome data (survival at discharge from the hospital and ICU length of stay). The data are scrambled, center specific identifiers are applied, and the data set is sent electronically to the VA IPEC.
Definitions. We defined diabetes as the presence of International Classification of Diseases, Ninth Revision, Clinical Modificaton (ICD-9-CM) codes 250.xx in the index or prior admission discharge abstract (29, 30) . The mean glucose for each patient was calculated from all values measured during the ICU stay excluding admission glucose (included in the risk-adjustment model). The glucose measurements used in the analysis were obtained as part of a multisample biochemistry laboratory panel and not point-of-care testing specifically aimed at glucose monitoring. Excluding point-of-care assessments results in fewer glucose measurements per patient; however, the laboratory glucose assessment provides a precise measurement of blood glucose while the accuracy of point-of-care glucose testing during critical illness may be limited, particularly for hyper-and hypoglycemia (31) . Mean glucose was chosen as the measure for glycemia to assess glucose values throughout the entire ICU stay (32) . Patients were stratified into five categorical groups of mean glucose based on the distribution of data and findings from prior studies (6, 11, 14, 17) : 70 -110, 111-145, 146 -199, 200 -300, and Ͼ300 mg/ dL. Patients were also categorized by their length of stay (1, 2, 3, 3-6, Ͼ6 days) and by severity of illness, represented by predicted mortality (Ͻ2.5, 2.5-5, 5-10, 10 -30, and Ͼ30% chance of death).
Statistical Analysis
Risk Adjustment. A logistic regression model that predicts death at hospital discharge was used to account for variation in patient characteristics and control for severity of illness. This model has been previously validated and demonstrated to have excellent discrimination and calibration (11,866 patient validation set, AUROC 0.885) (33, 34) . The model uses age, laboratory data from the ICU stay (sodium, blood urea nitrogen, creatinine, glucose, bilirubin, albumin, hematocrit, white blood count, partial pressure of oxygen, and a combined variable partial pressure of carbon dioxide and pH), source of admission, diagnosis, and comorbid disease burden as predictors. For each laboratory variable, the value deviating most from the normal range in the 24 hrs surrounding the ICU admission is selected (35, 36) . Patients are each assigned to one of five mutually exclusive groups defining the patient's location before ICU admission (emergency room/outpatient clinic, operating room, nursing home, other hospital, ward) and one of 83 mutually exclusive admission diagnoses (35) based on ICU bed-section ICD-9-CM coding from the index hospitalization. Comorbid disease burden is determined using the index hospitalization ICD-9-CM codes grouped into 31 comorbid diseases, including diabetes, applying a validated method (33, 37) modified from Elixhauser et al (38) . The logistic regression model uses binary variables to represent diagnostic groups, comorbid conditions, and source of admission and uses restricted cubic splines for continuous variables such as laboratory values, and age.
Association of Blood Glucose With Mortality. We used a two-level logistic regression model to determine the independent contribution of mean glucose to mortality risk in all ICU patients. The first level calculated the predicted hospital mortality for each patient, using the independent variables described previously. The second level of the regression model used the predicted mortality risk for each patient from the first regression analysis together with the assigned categorical mean glucose for each patient to predict hospital mortality. To compare the mortality risk from hyperglycemia against normoglycemia, we used as a reference group those individuals with mean glucose levels in the normoglycemic range (70 -111 mg/dL). To examine whether admission diagnosis influenced the estimated impact from mean ICU glucose concentration on mortality risk, we constructed separate logistic regression models for all diagnostic groups with Ն400 cases, again using the predicted mortality and mean glucose as independent variables. In assessing the statistical significance of the relationship between mean glucose and mortality for each diagnostic group, we accounted for planned multiple comparisons by defining statistical significance as p Ͻ .0006 (p Ͻ .05 divided by the 78 comparisons). Separate, similar models were also constructed for each category of length of stay and severity of illness and for patients with and without a diagnosis of diabetes. Analyses were conducted with SAS 9.1.3 (SAS Institute, Cary, NC).
Role of the Funding Source
This work was supported by the Veterans Affairs Inpatient Evaluation Center, National Institutes of Health DK K23 74440 (MF) and National Institutes of Health DK R01 57900 (DAD). The funding sources did not have a role in the study design; data collection, analysis or interpretation, or decision to submit the manuscript for publication. (Table 1) . Of the patients studied, 66% were Ͼ60 yrs of age and 98% were male. Thirty-three percent of the cohort was admitted to the ICU within 24 hrs of surgery. The most common operative and nonoperative diagnoses were cardiovascular, gastrointestinal, and respiratory disorders. Thirty percent of the cohort had ICD-9-CM codes identifying diabetes as a comorbidity. The rate of unadjusted mortality at discharge from hospitalization was 11.2%, similar to other reports of risk-adjusted mortality in U.S. hospitals (39) . Unadjusted mortality for each of the mean glucose categories was 7.3% (70 -110 mg/dL), 10.2% (111-145 mg/dL), 14.8% (146 -199 mg/dL), 17.3% (200 -300 mg/ dL), and 21.9% (Ͼ300 mg/dL). The mean and median numbers of glucose measurements per patient were seven and three, respectively, and were similar for all mean glucose categories, indicating that there was no bias from oversampling of glucose in hyperglycemic individuals.
RESULTS

Patient Characteristics
Hyperglycemia and Increased Mortality Risk. Hyperglycemia was indepen-dently associated with increased mortality after adjustment for severity of illness (p Ͻ .0001), and the risk of death increased in proportion to blood glucose levels ( Fig. 1 ). Compared with normoglycemic individuals, the adjusted odds ratios for hospital mortality ranged from 1.31 in patients with mean glucose levels of 111-145 mg/dL to 2.85 in individuals with mean glucose Ͼ300 mg/dL ( Table  2 ). The association between hyperglycemia and increased mortality was significant in all types of ICUs, for all levels of severity of illness, and in those with and without a diagnosis of diabetes (Table 2) . However, mortality was greater for hyperglycemic patients without a diagnosis of diabetes (p Ͻ .01, Fig. 2 ). Hyperglycemia-related mortality appeared independent of length of stay in the ICU, with similar adjusted odds ratios for each level of hyperglycemia ( Table 2 ). The relationship between mean glucose and risk adjusted mortality was not influenced by inclusion of admission glucose in the risk-adjustment model because a prior analysis excluding admission glucose produced similar results (40) .
In separate analyses of patients grouped by admission diagnosis, marked differences were seen in the relationships between hyperglycemia and mortality ( Table 3 ). In fact, while some diagnostic categories showed a significant association between hyperglycemia and death, in other disorders there was no relationship. A significant association between hyperglycemia and adjusted mortality was seen in unstable angina, acute myocardial infarction, congestive heart failure, arrhythmia, ischemic and hemorrhagic stroke, gastrointestinal bleeding, acute renal failure, pneumonia, pulmonary embolism, and sepsis (Table 3 ). On the other hand, hyperglycemia was not associated with increased mortality in patients with chronic obstructive pulmonary disease, hepatic failure, and gastrointestinal neoplasm or in those admitted to the ICU after surgery for coronary artery bypass graft, peripheral vascular disease, and hip fracture ( Table 3) . Even among disorders with significant mortality risk from hyperglycemia, the magnitude of that risk varied. For instance, among patients with pneumonia, the adjusted odds ratios for mortality relating to increasing hyperglycemia ranged from 1.4 to 1.7, while in patients with acute myocardial infarction the odds ratio ranged from 1.7 to 6.1, and 1.5 to 10.3 in patients with variceal gastrointestinal bleed ( Table 3 ). The sample Figure 1 . Hyperglycemia is associated with increased mortality in intensive care unit patients, independent of severity of illness. Mortality risk increases with mean glucose across the entire cohort (n ϭ 259,040) starting at mild hyperglycemia (p Ͻ .0001). A, odds ratios for mortality after adjustment for severity of illness are represented as point estimates with 95% confidence intervals for each mean glucose category; exclusion of unity represents a significant association. B, cubic splines depict this relationship using mean glucose as a continuous variable. size or number of deaths in any diagnostic group did not correlate with mortality risk from hyperglycemia (r ϭ Ϫ.08).
For several diagnostic groups, the p value indicated a statistically significant relationship between blood glucose and mortality risk overall; however, inspection of individual point estimates indicated that most of the categorical mean glucose groups were not associated with mortality. Colectomy and surgery for genitourinary neoplasm or cardiac valve disease are examples of diagnostic categories where despite a significant p value, the mortality estimates at individual stratified glucose levels are not different from one; in such cases it is difficult to conclude that a meaningful relationship truly exists between hyperglycemia and mortality ( Table 3 ). When we aggregated those diagnostic groups lacking a significant association between hyperglycemia and mortality, a statistically significant and graded relationship between hyperglycemia and mortality was apparent, with adjusted odds ratios of 1.13, 1.47, 1.64, and 1.86 for the respective mean glucose (mg/dL) groups 111-145, 146 -199, 200 -300, and Ͼ300 ( Table 3 ). As might be expected, the magnitude of mortality risk was more modest than what was found in the combined analysis of diagnostic groups where a significant Mortality risk from hyperglycemia is greater in patients without a diagnosis of diabetes. Hyperglycemia is significantly associated with increased adjusted mortality in patients with (n ϭ 78,142) and without (n ϭ 180,898) diagnosed diabetes, but the mortality risk is greater in those without diabetes (p Ͻ .01). A, odds ratios for mortality after adjustment for severity of illness are represented as point estimates with 95% confidence intervals for each mean glucose category; exclusion of unity represents a significant association. B, cubic splines depict this relationship using mean glucose as a continuous variable. relationship between mean glucose and mortality was detected ( Fig. 3) , with adjusted odds ratios for mortality of 1.41, 2.04, 2.48, and 3.76 respectively ( Table 3) . Rates of comorbid diabetes were identical (30%) between aggregate groups of admission diagnoses with significant and nonsignificant relationships of mean glucose and risk-adjusted mortality.
DISCUSSION
The effect of hyperglycemia on the outcomes of hospitalized patients has received considerable attention recently because of the potential benefits from intervention. In addition to numerous primary studies and reviews, expert committees have drafted position statements and treatment guidelines to define clinical approaches to this problem (41) (42) (43) (44) . However, the inconsistent findings from available intervention trials have raised several fundamental questions regarding glycemic management in patients with serious illness, fueling a debate about whether all individuals hospitalized in the ICU are equally susceptible to the harm from hyperglycemia and whether all would derive a similar benefit from treatment (6, 12, 21-26, 28, 45-55) . We hypothesized that the effects of hyperglycemia are more deleterious in certain primary medical conditions and, as such, differences in the case-mix of the various ICUs where intervention trials were conducted could contribute to their discrepant findings. Testing this hypothesis definitively with a randomized trial would require treating multiple large groups of patients with intensive and conventional approaches to compare the effects of glycemic control in populations of differing admission diagnoses. However, the chal-lenges faced by recent prospective trials of intensive insulin therapy suggest that this may be prohibitively difficult (20 -27) , and therefore alternative strategies are warranted.
We have approached this question by analyzing a large and heterogeneous cohort of critically ill patients and compared mortality risk across a broad range of admission diagnoses, which resulted in several new findings that inform this discussion. First, we found that hyperglycemia-related mortality is disproportionately greater in some medical conditions than others, suggesting that the untoward effects of elevated blood glucose are specific to, or amplified in, particular conditions. Although variation in hyperglycemia-related mortality has been previously examined (12, 51, 53) , the ability to analyze this relationship independent of severity of illness, in 78 distinct diag- nostic groups, provides additional information over those prior studies that stratified patients more broadly by organ system or unit type. For example, we discovered marked differences in the presence or absence of hyperglycemia-related mortality among specific diagnoses within the same organ system, or that would be treated in the same unit, such as pneumonia (present) vs. chronic obstructive pulmonary disease (absent), gastrointestinal bleed (present) vs. hepatic failure (absent), and acute myocardial infarction (present) vs. valvular heart disease (absent). These are differences that would not be observed by examining hyperglycemia-related risk more generally, as has been done, for instance, in respiratory, cardiovascular, and gastrointestinal disorders, or by comparing the risk in medical vs. cardiac ICUs (12, 56, 57) .
The finding that hyperglycemia-related mortality varies with admission diagnosis offers key insight into the variable results produced by prospective trials of intensive insulin therapy. For example, some interpretations of these studies suggest inherent differences in the effects of hyperglycemia for medical vs. surgical ICUs, and distinct treatment paradigms for the two populations have even been proposed (49, 58) . However, our results suggest that such strategies might be misguided since the differences in mortality risk between medical and surgical ICU populations are more likely due to the specific admission diagnoses of the patients admitted to these units. The case mix in any ICU varies not only by its specialization (e.g., cardiac, surgical, medical, mixed) but also the specific services provided at that hospital, such as dialysis, neurosurgery, trauma, coronary artery bypass graft surgery, chemotherapy, transplantation, and interventional radiology and cardiac services. Our results suggest that the distribution of medical conditions found in an ICU may influence the findings from trials examining glycemic control in that setting.
The fact that differences in the magnitude of mortality risk were evident even among disorders where a significant relationship was observed indicates that the effects from hyperglycemia constitute a spectrum in graded risk, as opposed to a dichotomous effect where the harm from hyperglycemia is either present or absent. Furthermore, for some medical conditions, a significant relationship between hyperglycemia and mortality may become apparent only with very large sample sizes. This possibility is supported by our finding that when the nonsignificant conditions are analyzed as one aggregate group, a significant and graded relationship appears but the magnitude of mortality risk is attenuated in comparison with the significant diseases ( Fig. 3) . It is also possible that hyperglycemia may indeed be associated with mortality in those diagnoses where significance was not observed but that in conditions where rates of death are already low, the influ-ence of hyperglycemia on mortality becomes less important.
Our analysis extends previous findings of the relative risk from hyperglycemia in patients with and without antecedent diagnoses of diabetes (3, 4, 10, 12, 51, 59) . Similar to what has been suggested previously by other investigators, we now demonstrate that the association of hyperglycemia and mortality was greater in individuals without known diabetes. Consistent with this finding is a recent subgroup analysis by Van den Berghe et al (56) of surgical and medical ICU patients demonstrating that while glucose lowering effectively reduced mortality in those without a previous history of diabetes, no benefit from treatment was observed in patients with diabetes. The statistical power achieved in our analysis of Ͼ77,000 patients with a diagnosis of diabetes allows us to demonstrate that hyperglycemia is indeed associated with increased mortality in this group, but with lesser magnitude of risk than in those without diabetes. It is unlikely that severity of illness explains the difference in hyperglycemia-related mortality between those with and without a diabetes diagnosis since we adjust for this important confounder in our analysis. It is unclear why hyperglycemia would be more injurious in nondiabetic individuals than persons with known diabetes. We did not have access to information about which patients received insulin, but it is possible that individuals with diabetes received insulin more frequently and that this might have conferred benefits independent of glycemic control (60) . Nevertheless, consideration of the differential effects of hyperglycemia in patients with diabetes is important, particularly in interpreting systematic reviews of insulin treatment during critical illness that are unable to adequately examine effects separately in individuals with and without diabetes (57) , as well as randomized trials where a large percentage of patients with diabetes may attenuate the observed benefit from glucose lowering (27) .
Another key finding from this analysis is that hyperglycemia is associated with increased mortality regardless of the length of time a patient is in the ICU. It has been debated whether the mortality risk from hyperglycemia is the same for patients who stay in the ICU for Ͻ3 days compared with individuals with longer ICU stays (46, 61, 62) . This controversy, which has prompted some experts to propose delaying treatment of elevated blood Combined Non-Significant Figure 3 . The association between hyperglycemia and mortality varies with admission diagnosis.
There is a significant association between hyperglycemia and increased mortality for aggregate groups of significant and nonsignificant diagnostic categories (p Ͻ .0001). However, the magnitude of mortality risk remains greater for the aggregate group of significant diagnoses (n ϭ 156,119) vs. aggregate group of nonsignificant diagnoses (n ϭ 102,921). Odds ratios for mortality after adjustment for severity of illness are represented as point estimates with 95% confidence intervals for each mean glucose category; exclusion of unity represents a significant association. glucose until later in the ICU course (58, 62) , stems from the findings of Van den Berghe et al (15) , who described mortality reduction with normalization of blood glucose in medical ICU patients staying Ͼ3 days but not in those whose duration of stay was shorter. By comparing large groups of patients with differing lengths of ICU stay we found no difference in hyperglycemia-related mortality between patients with short and long duration in the ICU. In our cohort, hyperglycemia was similarly associated with mortality for all lengths of stay, even among patients in the ICU for a single day, indicating that elevated blood glucose is equally harmful in the initial days of hospitalization. These results are important because they address another question not easily amenable to randomized trials that are limited by the inability to predict length of stay at the time of admission. Importantly, this study clearly demonstrates that hyperglycemia, even mild glucose elevation, is independently associated with mortality in a large and heterogeneous cohort after adjustment for severity of illness, making it unlikely that elevated glucose levels are simply a surrogate for critical illness. While observational studies demonstrating that hospital-related hyperglycemia is associated with increased morbidity and mortality have been published for a variety of disorders and settings (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) , they are limited by relatively small sample sizes, restriction to specific subsets of patients, or the ability to adequately control for severity of illness. Finally, previous investigations commonly used only admission glucose as an index of glycemia, a measure that although practical for identification at admission has been found to be inferior to mean glucose in predicting mortality (32) . In contrast, our analysis includes each individual's mean glucose and uses a robust method to adjust for severity of illness (33) .
There were limitations to the approach taken in this study. First, as an observational study we can suggest a relationship between hyperglycemia and mortality independent of illness severity but cannot establish causality. Second, since the risk adjustment model lacks clinical indicators of neurologic status (e.g., Glasgow Coma Scale), we cannot exclude that unmeasured severity of illness contributes to estimates of mortality risk in primary neurologic diagnoses. However, in previous applications the model was found to be robust, stable, and reproducible (33) . Third, interpretation of our findings should consider that the study subjects are mostly male and 66% are Ͼ60 yrs old (no pediatric subjects). Future analysis focusing specifically on the 6,476 female patients from the database may provide some general insights on hyperglycemia and mortality in critically ill adult females. Finally, our study does not address the influence of treatment (insulin, steroids, nutrition) on hyperglycemia-related mortality. While the presence or absence of these agents may influence the development of hyperglycemia in critically ill patients, it is unlikely that the systematic variation we observed in mortality risk can be explained by treatment differences. Studies demonstrating that the benefits related to intensive insulin therapy in the ICU are dependent on the control of glucose (63) make it less likely that any nonglycemic effects of insulin therapy have biased our findings. Furthermore, methodological limitations with the inclusion and interpretation of data on insulin treatment in similar studies have been reported (12) .
Hyperglycemia is significantly associated with increased mortality in critically ill individuals, independent of severity of illness, diabetes diagnosis, or length of stay in the ICU. These results implicate hyperglycemia as a potentially harmful and correctable abnormality in critically ill patients and support ongoing consideration of hyperglycemia as a therapeutic target to improve outcomes in hospitalized patients. The finding that the magnitude of mortality risk from hyperglycemia depends on the underlying disease suggests that the degree of benefit from glucose-lowering may differ among patients with certain conditions. As such, the interpretation and design of trials examining the effects of inpatient glycemic control should consider the primary disease state of those individuals studied. Appendix 1. Unadjusted mortality rates for the overall cohort and by diabetes and intensive care unit type
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